INTERACIION BETWEEN OLEATE AND THE LIPOPROTEINS OF HUMAN SERUM
By ROBERT S. GORDON, JR.
(From the Laboratory of Metabolism, National Heart Institute, National Institutes of Health, Public Health Sertice, Department of Health, Education, and Welfare, Bethesda, Md.) (Submitted for publication July 16, 1954 ; accepted October 27, 1954) Since the pioneer observations of Hahn (1) , who noted that heparin injection caused the disappearance of visible lipemia, and of Anderson and Fawcett (2) , who showed that this effect was due not to heparin itself but to a "clearing factor" which appeared in plasma after heparin injection, there has been considerable interest in the biochemical and physiological aspects of this phenomenon, often called the "clearing reaction." A variety of effects over and above the mere disappearance of turbidity has been attributed to clearing factor action. Evidence presented by several independent groups of investigators (3-7) would appear to establish the fact that in the presence of clearing factor, triglycerides are hydrolyzed in in vitro systems with the liberation of glycerol and free fatty acids. This conclusion is further confirmed by a considerable amount of data from this laboratory which are, as yet, unpublished (8) . The lipolytic reaction may be broadly formulated as follows: Triglyceride + Fatty acid substrate acceptor Clearing factor other activating factors Glycerol + Acceptor -Fatty acid complex.
The triglyceride substrate may consist of chylomicra, artificial oil emulsions, or lipoprotein material. Serum albumin and calcium ions have been shown to serve as fatty acid acceptors. There is no evidence that clearing factor is consumed in the reaction, and in other respects it appears to function in an enzymatic role. The presence of other activating factors for the reaction is suspected (5, 6 ), but such substances have as yet not been isolated, and their functions are unknown.
In addition, other less well understood effects of clearing factor have been described. Boyle, Bragdon, and Brown (9) , and Lindgren, Freeman, and Graham (10) have noted changes in ultracentrifugal lipoprotein patterns following the action of clearing factor. The effects of heparin on the electrophoretic distribution of plasma proteins have been studied recently by a number of authors. Using the moving boundary technique, Niklilii (11) and Lever, Smith, and Hurley (12, 13) noted that the administration of heparin to a lipemic individual resulted in a decrease of the quantity beta globulin and a compensatory increase in *the amount of alpha globulin or albumin, or, in some of the patients studied by Lever, Smith, and Hurley, the formation of a new pre-albumin component. These phenomena were attributed by the latter authors to an increase in the mobility of beta lipoprotein which caused it to appear in an abnormal position in the electrophoretic pattern. With techniques of zone electrophoresis in starch and filter paper media, Nikkili (14) , Rosenberg (15) , Comfort (16) , Herbst and Hurley (17) , and Bolinger, Grady, and Slinker (18) have shown that the administration of heparin in the presence of lipemia causes the lipid-containing plasma proteins to migrate more rapidly. There is general agreement among the authors cited that heparin injection and lipemia are both prerequisite to the production of the electrophoretic effects; administration of heparin to fasting normal subjects was generally found to produce little or no alteration in the electrophoretic patterns.
Lever, Smith, and Hurley (12) advanced the hypothesis that these electrophoretic changes might be due to loss of lipid from lipoproteins, resulting in a decrease in molecular size. The possibility that they were due to combination of heparin with lipoproteins was also considered. One other hypothetical explanation remained untested, namely that the fatty acids evolved in the clearing reaction might be influencing the electrophoretic results. Armstrong, Budka, and Morrison (19) (4, 11, 20 (25)).1 1 The author expresses his gratitude to Drs. E. Middleton and J. Bragdon, National Heart Institute, for carrying out these analyses. EXPERIMENTAL 
RESULTS
The findings of Lever, Smith, and Hurley (12, 13) were confirmed on a small group of patientsthree with essential hypercholesterolemia, one with idiopathic hyperlipemia, and two normal subjects with exogenous alimentary lipemia. The abnormal cases were fasting when studied. The clinical data regarding the four abnormal subjects are summarized in Table I a gradual but orderly fashion. All the changes observed were compatible with the hypothesis that a beta, globulin was temporarily acquiring a higher mobility so as to be superimposed on alpha globulin or albumin, and that an additional component, originally not resolved from albumin, was simultaneously increasing its mobility so as to precede albumin. These two components are best seen in Figure iD which, when compared with lA, shows two components previously absentone ahead of albumin and one migrating between albumin and alpha globulin, and a distinct decrease in the area of the beta1 globulin peak.
In order to examine the effect of continuation of the clearing reaction in vitro, a specimen collected from patient E. C. five minutes after heparin administration was deliberately incubated for one hour at 370 C. before being chilled; another aliquot of the same specimen was treated as described above. The results appear in Figure 2 , where it is apparent that incubation in sitro increased the forward displacement of the beta, globulin component. In this individual the effect of heparin was much less dramatic than that shown in Figure 1 , and it is of interest that the component migrating ahead of albumin did not appear.
The possibility that heparin per se, rather than clearing factor, influences the electrophoretic pattern of plasma seemed unlikely in view of the small quantities used (0.75 mg. per Kg. is equivalent to approximately 15 ug. per ml. plasma). A sample of plasma treated with this quantity of heparin in vitro and analyzed electrophoretically showed no alteration when compared to an untreated control.
Addition of sodium oleate to plasma, on the other hand, produced striking changes. fasting plasma c tion of increasing of electrophoreti semble very clos plasma.
In agreement (12, 13) Since serum albumin is known to have a marked )f patient M. M. With the addi-affinity for anions of the fatty acid series (27) , exg amounts of sodium oleate a series periments were undertaken to determine to what ic patterns is produced which re-extent albumin could prevent or reverse the effects ;ely those observed in post-heparin of oleate on lipoproteins. Figure 4 shows the interactions of oleate, albumin, and freshly isolated with Lever, Smith, and Hurley beta lipoprotein. An approximately 1 per cent surmised that the components be-solution of the beta lipoprotein alone gave the these experiments were the lipo-electrophoretic pattern shown in Figure 4A . Ad- Figure  4C ; the mobility of the lipoprotein returned to a value consistent with its mobility as seen in whole plasma. Further addition of oleate to a final concentration of 2.2 x 10-3 again increased the mobility of the lipoprotein so that it exceeded that of albumin, as shown in Figure 4C . The albumin also showed a slight mobility increase with the increase in oleate concentration. The partition of oleate between albumin and beta lipoprotein was further studied in a series of electrophoretic analyses performed on mixtures of oleate with fresh normal serum from a fasting subject. Patterns not unlike those shown in Figure 3 were obtained, and for each sample the mobilities of albumin and of the shifting beta peak were determined. Albumin mobility was measured in the descending limb; for the beta peak it was necessary to use the more clearly resolved pattern of the ascending limb. The albumin concentration of the serum was obtained from the same electrophoretic patterns, and in Figure 5 are plotted the mobilities as a function of the mole ratio of oleate to albumin in each sample. It is seen that the mobility of albumin increases in linear fashion with increasing mole ratio up to a mole ratio of 3 or 4 to one. Thereafter its mobility tends to become constant, whereas the mobility of the beta globulin component increases progressively.
DISCUSSION
The electrophoretic results here presented are best explained by postulating an interaction between oleate ions and alpha and beta lipoproteins. Association of oleate ions with the lipoproteins makes their net charge more negative and accelerates their anodic mobility. The reversibility of the association of oleate with beta lipoprotein is shown by the ability of albumin to restore normal mobility to a lipoprotein sample previously treated with oleate. When oleate is added to whole serum or plasma, competition between albumin and the lipoproteins for the oleate is to be expected. Some aspects of this competition can be deduced from the data of Figure 5 . As increasing amounts of oleate are added to whole serum, the initial effect is on the albumin alone. Since oleate does not appear to penetrate the cellophane dialy- Open circles-mobility of albumin (JAA). Solid circles-mobility of , lipoprotein (A).
sis tubing used for these experiments (as evidenced by constancy of the surface tension of the dialysate), it must be assumed that up to a mole ratio of approximately 3 to 1, added oleate is bound completely by albumin. It is of interest to compare this result with that obtained by Cogin (28) using bovine albumin-elaidic acid mixtures in a phosphate buffer of pH 6.8. In her experiments the mobility of albumin continued to increase linearly until a mole ratio of 7 to 1 was reached, whereas here, when a mole ratio of 3 to 1 is exceeded, the albumin mobility ceases to increase linearly, and the mobility of beta lipoprotein is increased. From this point on, beta lipoprotein receives an ever increasing share of the added oleate, with the mobility of albumin tending to become constant. It would appear from the data presented in Figure 3 that alpha lipoprotein is least easily affected and binds oleate only after some of the latter has reacted with beta lipoprotein. However, the phosphate buffer used in this series of experiments, while permitting a better demonstration of the oleate-albumin interaction than does sodium diethylbarbiturate buffer, does not resolve alpha lipoprotein from albumin until the former has combined with enough oleate that its mobility is markedly increased. Small changes in the mobility of alpha lipoprotein occurring with lower concentrations of oleate in plasma might therefore have gone undetected. In the light of these findings, the various results reported in the electrophoretic patterns of post-heparin plasmas may be assembled into a reasonable overall picture. In all cases in which heparin was given to a lipemic subject (either pathologic or alimentary lipemia) fatty acids were evolved which altered the mobilities of the lipoproteins. The extent of the mobility change will depend upon a number of variables which are not subject to easy control. The most significant is undoubtedly the concentration of available triglyceride substrate in the plasma of the subject under investigation. Thus the electrophoretic alteration is maximal in patients with essential hyperlipemia or in normal individuals at the height of alimentary lipemia, moderate in patients with essential hypercholesterolemia, and minimal or absent in normal fasting subjects. Even in the presence of optimal substrate concentration, there may be individual variations in the clearing factor activity resulting from a given dose of heparin, and hence in the rate of fatty acid evolution. In addition, the rate at which the free fatty acids are removed from the circulating blood may be variable. Since there is competition between albumin and the lipoproteins for the available fatty acids, the relative concentrations of these proteins in the plasma will also be significant.
An important factor is the technique used in preparing the plasma sample for electrophoretic study. Most of the publications quoted above do not mention any precautions intended to halt in vitro fat hydrolysis after the blood was drawn, so that it must be presumed that the clearing reaction was allowed to proceed in vitro to a variable extent. In the experiments reported here, chilling to 00 was employed as a means of limiting reaction in vitro. The cooling process is by no means instantaneous, however, and there is a remaining uncertainty regarding the actual extent of combination of fatty acid anions with lipoproteins in the circulating blood of the intact patient. It would appear, however, that with the presumably unphysiologic stimulus of heparin injection, fatty acids may be released in vivo at a rate temporarily exceeding the ability of the organism to remove them. (31) found that heparin added in vitro at a concentration of 4 mg. per ml. could abolish the beta anomaly and produce a pre-albumin component in normal plasma. This fast component was also seen when heparin was added to a partially purified albumin fraction. Subsequent authors have observed similar effects; these experiments are reviewed by Nikkilii (11) . In each case the concentrations of heparin required to produce electrophoretic changes by direct action in vitro exceeded by one hundred-fold or more the quantities that suffice to produce changes when injected in vivo in the presence of lipemia. In view of the demonstration by Lever, Smith, Hurley, and Herbst (13, 17) that heparin in vivo has no effect in the absence of lipemia, and its lack of effect when added in vitro at low levels, it must be concluded that heparin as such is not producing the phenomena under discussion here. In addition, it should be noted that Macheboeuf and Tayeau (32) showed an effect of oleate on plasma lipids, rendering them extractable by ether in the cold. Presumably oleate ruptured the lipidprotein bond. This effect was observed only at concentrations of oleate significantly higher than those employed in this study.
The tendency of lipoproteins to bind oleate (and presumably other fatty acid anions) is of importance in the interpretation of previous experimental work, and may serve as one fact which will eventually be of use in elucidating the detailed structure of these complex materials. At this time it seems doubtful that the interaction plays a significant role in physiologic fat metabolism, as the available data (33, 34) indicate that only trace amounts of free fatty acids occur in plasma, and that these small quantities are bound by albumin. The data of Figure 5 
